The magnetically recyclable MnFe 2 O 4 /Polyaniline (PANI) composite was successfully synthesized by a combination of a saltassisted solution combustion method and an in situ oxidative polymerization method. X-ray diffraction (XRD), scanning electron microscopy (SEM) and UVvis diffuse reflectance spectroscopy (DRS) were employed to characterize the physical and chemical properties of the samples. The results showed that MnFe 2 O 4 /PANI composite exhibited higher photocatalytic activity and stability than pure PANI and MnFe 2 O 4 nanoparticles toward the degradation of rhodamine B (RhB) under visible light irradiation, suggesting the existence of a synergic effect between PANI and MnFe 2 O 4 . The excited state electrons in the lowest unoccupied molecular orbital (LUMO) of PANI can readily migrate into conduction band (CB) of MnFe 2 O 4 , while the holes in the valence band (VB) of MnFe 2 O 4 migrate to the ³-orbital of PANI because of the enjoined electric fields of the two materials, which can further improve the separation of the photoinduced electronhole pairs.
Introduction
In recent decades, water pollution has become a global issue of concern as human activities expand and climate change threatens to cause large alterations to the balance of nature. 1) ,2) For this reason, a variety of strategies have been employed to solve this problem, such as chemical oxidation, photocatalytic degradation, filtration and adsorption.
3) Among the above methods, semiconductor photocatalysis has emerged as a renewable technology, since it is a "green" technology for the degradation of organic pullutants and enormous efforts have been devoted to develop a series of new photocatalysts. 4)6) Many important findings have been reported on the semiconductor photocatalysts. However, one of the drawbacks that hinder their wide application in industry is the reutilization due to the separating difficulties. In order to solve the problem of separation and high cost, magnetic separation is considered as an effective technique for separating photocatalysts from wastewater.
Spinel manganese ferrite (MnFe 2 O 4 ), as one of the most important magnetic materials, exhibits an excellent ferromagnetic behavior at room temperature and has been widely used in many applications, such as magnetic resonance imaging, biosensor and hyperthermia. 7) , 8) However, there is only a few works about MnFe 2 O 4 photocatalyst for removal of dyes from wastewater. 9) Hou et al. 10) employed the seedhydrothermal route to synthesize the spinel MnFe 2 O 4 nanorods and then found that the as-prepared MnFe 2 O 4 nanorods showed a high saturation magnetization at room temperature. Very recently, we successfully synthesized MnFe 2 O 4 nanoparticles by a facile salt-assisted solution combustion synthesis (SSCS) 11) and found that the samples prepared with KCl salt exhibited high adsorption capacity for Congo red.
Polyaniline (PANI), a typical conductive polymer, can be used as a sensitizer of semiconductor-based photocatalysts to significantly improve the photoactivity in a photocatalysis process because of its narrow band gap (2.8 eV), high absorption coefficients in the visible light range and high mobility of charge carriers.
12),13) Furthermore, under the irradiation of visible light, PANI can serve as both an electron donor and a hole acceptor. These special characteristics of PANI make it an ideal material to achieve enhanced charge separation efficiency in the photocatalysis field.
14)23)
In this work, we provide a simple and feasible strategy to synthesize a magnetically recyclable MnFe 2 O 4 /PANI composite via in situ oxidative polymerization. The as-prepared MnFe 2 O 4 / PANI composite shows highly enhanced photocatalytic activity of RhB under visible light irradiation.
Experimental section

Preparation of MnFe 2 O 4
All the reagents were of analytical purity and used without further purification. The experimental procedures for the synthesis of MnFe 2 O 4 nanoparticles were similar to those reported in our previous work. In a typical procedure, the foam nickel was cut into slices of 1.0 cm © 2.0 cm, then washed with anhydrous ethanol and distilled water for several times, and dried at 333 K. 1.0 mg of MnFe 2 O 4 /PANI composite was suspended in 1.0 mL anhydrous ethanol, after which this supension was dip-coated on the precleaned foam nickel. The as-prepared electrode was dried at 333K for 12 h.
Characterization
The X-ray diffraction (XRD) patterns of the products were analyzed by using a PANalytical X'Pert Pro X-ray diffractometer with Cu-K¡ radiation ( = 0.154178 nm). The morphology of the products was analyzed by field emission scanning electron microscopy (FESEM) (JEOL JSMT300, operated at 10 kV). UV vis diffuse reflectance spectra (DRS) of the products were obtained on an UVvis spectrophotometer (Cary 5000). Fourier transform infrared (FTIR) spectra of the polymers in KBr pellets were recorded on a Nicolet Avatar 670 FT-IR spectrometer (Nicolet Corp., USA). The specific surface area of the samples was measured by using low temperature N 2 adsorption at 77 K (Tristar 3000).
The electrochemical measurements were carried out in a conventional three-electrode system with a 0.1 M NaCl electrolyte solution by using an electrochemical system (SP-150, France). Platinum foil and Ag/AgCl electrodes were used as the counter electrode and reference electrode, respectively. MnFe 2 O 4 , PANI and MnFe 2 O 4 /PANI composite on foam nickel served as the working electrode. Potentio electrochemical impedance spectra (EIS) were recorded in the potentiostatic mode. The amplitude of the sinusoidal wave was 5 mV and the frequency range of the sinusoidal was 10 kHz to 0.01 Hz.
Measurement of photocatalytic activity
The photocatalytic activity of the products was evaluated by their efficiency for degrading RhB solution under the irradiation of visible light. A 175W metal halide lamp was used as the light source. To limit the irradiation wavelength, the light beam was passed through a filter to cutoff wavelengths shorter than 400 nm. The initial concentration of RhB in a glass reaction vessel was fixed at 10.0 mg/L and the photocatalyst loading was 1.0 g/L. Prior to irradiation, the suspension was magnetically stirred in the dark for 30 min in order to reach adsorptiondesorption equilibrium and then 0.1 ml of 30% hydrogen peroxide solution was added. During irradiation, stirring was maintained to keep the mixture in suspension. At regular intervals, samples were taken from the suspension. The liquid was analyzed by UVvisible spectrophotometer (TU1801, PGENERAL) after the solid photocatalyst was removed by centrifuge. It is apparent that the broad diffraction peak centered at 2ª value of 25.3°is the characteristic peak of the PANI corresponding to (101) [ Fig. 1(a) 
Infrared spectra
The FTIR spectra of MnFe 2 O 4 , PANI and MnFe 2 O 4 /PANI composite are shown in Fig. 2 . For pure PANI, the peaks observed at 1456 and 1577 cm ¹1 refer to the C=C stretching of benzenoid and quinoid ring structure, and the peaks at 1242 and 1303 cm ¹1 originate from the CN stretching of the benzenoid ring, while the peak at 3427 cm ¹1 is attributed to NH stretching mode [ Fig. 2(a) ]. In the case of MnFe 2 O 4 /PANI composite [ Fig. 2(b) ], a similar characteristic bands as PANI are observed, 6) but some of the bands shift to lower wavenumbers after the addition of MnFe 2 O 4 nanoparticles. It can be seen that pure MnFe 2 O 4 exhibits a strong peak in the region of 500600 cm ¹1 [ Fig. 2(c) ].
Morphology and BET analyses
The SEM images of the as-prepared PANI, MnFe 2 O 4 , MnFe 2 O 4 /PANI and MnFe 2 O 4 -(MFO)/PANI composite are shown in Fig. 3 . As can be seen from Fig. 3 , the SEM image of PANI reveals that the samples consist of amorphous particles with the diameter in the range of 100350 nm, while MnFe 2 O 4 nanoparticles are near spherical particles with particle size in the range of 2080 nm. As shown in Figs. 3(c) and 3(d 
/g
). It is obvious that the introduction of salt into the redox mixture solution breaks up its agglomerated structure and leads to a great improvement in dispersing state.
Optical absorption properties
The UVvis spectra of PANI, MnFe 2 O 4 nanoparticles and MnFe 2 O 4 /PANI composite are shown in Fig. 4 
Photocatalytic performance
The photocatalytic performances of pure PANI, MnFe 2 O 4 nanoparticles and MnFe 2 O 4 /PANI composite were evaluated by degradation of RhB in aqueous solution under visible light irradiation, as shown in Fig. 5 . It can be seen that MnFe 2 O 4 /PANI composite exhibits much higher photoactivity than MnFe 2 O 4 -(MFO)/PANI composite because of its increased surface area and reduced particle size. The surface area and particle size of catalyst play an important role in the photocatalytic activity, since the predominant way of electronhole recombination may be different depending on the particle size and surface area. 25) As shown in Fig. 5(b It is well-known that photocatalytic oxidation of organic pollutants follows LangmuirHinshelwood kinetics. 26) This kind . The photocatalytic activity of the recycled MnFe 2 O 4 /PANI composite was also investigated, and the results are shown in Fig. 6 . The stability of photocatalysts is an important issue for their practical applications. 27) As shown in Fig. 6 , MnFe 2 O 4 / PANI composite can be easily separated from the photocatalytic system by a magnet owing to the excellent ferromagnetic properties of MnFe 2 O 4 . It can be seen that there is no noticeable change in the photoactivity of the recycled catalyst after three cycles under visible light irradiation, indicating that the magnetically separable MnFe 2 O 4 /PANI composite is a stable and effective photocatalyst for degradation of RhB.
It is vitally important to identify the main active species in the photocatalytic reaction process to better understand the photocatalytic mechanism. The active species generated in the photocatalytic process can usually be measured through trapping by triethanolamine (TEOA) (hole scavenger) and isopropanol (IPA) (·OH radical scavenger). As shown in Fig. 7 , in the system of MnFe 2 O 4 /PANI composite, the photodegradation ratio of RhB was obviously restrained after the injection of TEOA, while the photodegradation ratio changed indistinctively after the addition of IPA. Therefore, we can conclude that the RhB photodegradation over MnFe 2 O 4 /PANI composite under visible light irradiation is driven mainly by the participation of hole and to a lesser extent by the contribution of ·OH radical.
The significant enhancement in photocatalytic activity of MnFe 2 O 4 /PANI composite can be attributed to the remarkable synergistic effect between the semiconductor MnFe 2 O 4 and PANI. Electrochemical impedance spectroscopy (EIS), a powerful diagnostic technique for the research and development of new materials and electrode structures, was used to investigate the photogenerated charge separations process. 28) 30) The smaller arc diameter in Nyquist plots implies a lower resistance of the interfacial charge transfer in the electrodeelectrolyte interface region on the surface of electrode. It can be seen that the arc radius on EIS Nyquist plot of MnFe 2 O 4 /PANI composite is much smaller than those of PANI and pure MnFe 2 O 4 nanoparticles electrodes (Fig. 8) , indicating the higher charge-transfer process and a more efficient interfacial charge transfer occurred in MnFe 2 O 4 /PANI composite. This will enhance the photocatalytic degradation of organic contaminant as a result of lower recombination rate of photoinduced electronhole pairs.
Photocatalytic mechanism
Based on the results of structure characterizations and photocatalytic tests of the samples, a possible mechanism was proposed (Fig. 9) . When a semiconductor catalyst absorbs light whose energy is equal to or greater than its band-gap energy, which causes the electrons to excite from the valence band (VB) to the conduction band (CB), leaving positive holes in the VB, resulting in the photoinduced electronhole pairs.
The significant enhancement in photocatalytic activity can be attributed to the remarkable synergistic effect between the semiconductor MnFe 2 O 4 and PANI. MnFe 2 O 4 can be excited by visible light to yield photogenerated electron and hole carriers 28) and PANI can also absorbs photons to induce ³³* transition, transporting the excited electrons to the ³*-orbital. migrate to the ³-orbital of PANI because of the enjoined electric fields of the two materials. So herein, photogenerated electrons and holes move in opposite directions, reducing the recombination probability and making charge separation more efficient, which lead to a higher photocatalytic activity. 29) This is in good agreement with the results obtained for EIS analyses (Fig. 8) . EIS results show that MnFe 2 O 4 /PANI composite has lower resistance than PANI and MnFe 2 O 4 nanoparticles, which can accelerate the interfacial charge-transfer process. It is strongly suggested that the high separation efficiency of photogenerated electronhole pairs based on the photo-synergistic effect between the semiconductor MnFe 2 O 4 and PANI may play an important role in the photodegradation of dyes. The dye degradation by MnFe 2 O 4 /PANI composite under visible light irradiation is driven mainly by the participation of hole and to a lesser extent by the contribution of ·OH radical.
Conclusions
In summary, MnFe 2 O 4 /PANI composite was successfully prepared by a combination of a salt-assisted solution combustion method and an in situ oxidative polymerization method. The MnFe 2 O 4 /PANI composite exhibited efficient photocatalytic activity and excellent stability in photocatalytic decomposition of RhB under visible light irradiation. As a result of the excellent magnetic property of MnFe 2 O 4 , MnFe 2 O 4 /PANI composite can be easily separated by an external magnetic field from an aqueous suspension. After three recycles, MnFe 2 O 4 /PANI composite did not exhibit any significant loss of activity. The improved photocatalytic activity of the PANI/MnFe 2 O 4 composite can be mainly ascribed to the rapid separation and slow recombination of the photogenerated electronhole pairs.
